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In this talk I summarize the capability of future lepton colliders to indirectly discover 
a new Z' and to determine its couplings to the fermions of the Standard Model. The 
physics associated with sitting on the Z'-pole is also briefly discussed. This analysis is 
based on the results presented in the Snowmass 1996 New Gauge Boson Working Group 
report. 

1 Introduction 

One of the primary goals of present and future collider searches is to ascertain the 
gauge group which describes the electroweak and strong interactions. There are 
many scenarios in the literature wherein the Standard Model(SM) gauge group is 
augmented by at least an additional U(l) factor, implying the existence El of a new 
neutral gauge boson, Z' . In such scenarios the apparent success of the SM at low 
energiesH is essentially due to decoupling arguments associated with the observation 
that new gauge bosons must most likely be an order of magnitude heavier than 
their SM counterparts. Indeed collider searches H'Q indicate that a canonical Z' 
with couplings to both quarks and leptons is probably more massive than about 
600 GeV. (The reader should, however, remember the caveats associated with such 
strong statements since the number and type of Z' models in the literature is quite 
enormous.) If true, this implies that that a Z' will be beyond the direct search 
reach of a first generation lepton collider whose center of mass energy is expected 
to be 500 GeV or less. 

Extended Gauge Models(EGMs) can be divided into two very broad classes 
depending upon whether or not they originate from a GUT group, such as 50(10) or 
Eg . Generally, the new gauge bosons from GUT- inspired scenarios have generation- 
independent couplings (in the same sense as the W and Z of the SM) , whereas this 
need not be true for non-unifiable models. Also, generally, the extension of the SM 
group structure induces additional anomalies which cannot be cancelled by using 
the conventional SM fermions alone. This implies the almost all EGMs also contain 
additional exotic matter particles, such as leptoquarks, with masses comparable to 
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those of the new gauge bosons themselves. The search reach at a collider for new 
gauge bosons is somewhat model dependent due to the rather large variations in 
their couplings to the SM fermions which are present in extended gauge theories 
currently on the market. This implies that any overview of the subject is necessarily 
incomplete. Hence, we will be forced to limit ourselves to a few representative 
models. In what follows, we chose as examples the set of models recently discussed 
by Cvetic and Godfrey El so that we need to say very little here about the details 
of the coupling structure of each scenario. To be specific we consider (i) the Eq 
effective rank-5 model(ER5M), which predicts a Z' whose couplings depend on a 
single parameter —tt/2 < 9 < tt/2 (with models ip, x> I> an d f] denoting specific 
9 values); («) the Sequential Standard Model(SSM) wherein the new W and Z' 
are just heavy versions of the SM particles (of course, this is not a true model in 
the strict sense but is commonly used as a guide by experimenters); (in) the Un- 
unified Model(UUM), based on the group SU(2) t x SU(2) q x U(1) Y , which has a 
single free parameter 0.24 < S0 < 1; (iv) the Left-Right Symmetric Model(LRM), 
based on the group SU(2)l x SU(2)r x U(1)b-l, which also has a free parameter 
K = gn/gL of order unity which is just the ratio of the gauge couplings and, lastly, 
(v) the Alternative Left-Right Model(ALRM), based on the same extended group 
as the LRM but now arising from E 6 , wherein the fermion assignments are modified 
in comparison to the LRM due to an ambiguity in how they are embedded in the 
27 representation. 




Figure 1: Cross section for e+e~ — » in the presence of a 1 TeV Z' that couples only to SM 

fermions. The solid(dash-dotted, dashed, dotted) curve corresponds to the LRM with ft = l(i/>, X, 
rj). ISR has not been included. 
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2 On The Z' Peak 



It is quite possible that the LHC may find a Z' in the TeV region before the NLC 
turns on. (As will be seen below, the LHC reach for a canonical Z' is 4-5 TeV.) 
In fact, several arguments suggest, at least in some string-motivated SUSY models, 
that the Z' mass cannot be far above 1 TeVEl as it is naturally linked to the_scale of 
electroweak symmetry breaking. As was discussed by Cvetic and Godfrey EJ and in 
the more recent analyses presented at Snowmass 1996 □, it will not be easy for the 
LHC to uniquely determine the couplings of a Z' if its mass is too far above 1 TeV 
due to a lack of robust observables. Even for masses as low as 1 TeV it remains 
unclear just how well a real LHC detector can do in this regard and detailed studies 
have yet to be performed. Of course if we are lucky to have a ~ 1 TeV Z' this will 
be an ideal opportunity for a lepton collider although this possibility has gotten 
little attention. Fig.[j] shows the cross section for e + e~ — * /J + ,u~ in the presence of a 
1 TeV Z' for several different EGMs. We see that with an integrated luminosity of 
100 fb^ 1 , hundreds of thousands of /z-pair events will be collected on the peak even 
after ISR is accounted for. This suggests that in this case the NLC will essentially 
repeat the analyses of SLC/LEP to determine the Z 1 couplings to the SM fermions, 
as well as to other exotic final states which are kinematically accessible. 

Fig.|^ shows that by using leptonic, b, and c(t) final states it will be quite trivial 
to distinguish among the more popular models. We note that the anticipated size 
of the errors associated with any of these observables, given the large statistics 
available and the expected performance of an NLC detector, will be comparable 
to the thickness of one of the lines on these plots! We further note that none of 
the chosen observables depend upon the possibility that the Z' may have decays to 
other than SM particles. A Z' in the TeV range will provide an excellent object for 
study at a lepton collider. 

3 Indirect Searches 

It is more than likely that we will be unlucky and a Z' will be too massive to be 
produced directly at the first generation of new lepton colliders. Thus searches 
at such machines will be indirect and will consist of looking for deviations in the 
predictions of the SM in as many observables as possible. (That such deviations are 
observable below the Z' peak is obvious from Fig .[]].) As is well known, in general 
analyses of this kind the following standard set of observables are employed: a/, 
Ap B , A^ R , Ap^(f) where / labels the fermion in the final state and, special to the 
case of the tau, < P T > and P^ B . Note that beam polarization plays an important 
role in this list of observables, essentially, doubling its length. Layssac et al. and, 
more recently, Renard and Verzegnassi have shown that the deviations in the 
leptonic observables due to the existence of a Z 1 are rather unique and differ from 
other new virtual effects as shown in Figj^. 

Fig.^ fromlS shows the resulting search reach from this kind of analysis for the 
500 GeV NLC assuming a Z' in either the ER5M or the LRM employing observables 
from c and t final states including systematic effects, detector cuts, ISR, etc. 
90% beam polarization was assumed. Here we can directly see the importance of 
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Figure 2: Partial decay widths versus the corresponding asymmetry parameters for the £, b and c 
final states in Z' decays in Eg modcls(solid), LRM (dashed) , UUM (dash-dotted) as well as for the 
ALRM(A), the SSM(S) and the LRM with re = 1(L). The Z' is assumed to have a mass of 1 TeV. 
Af = 2vf<ij/(v 2 , + a 2 ,), where Vf,aj are the Z' couplings to fermion /. 
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Figure 3: Relative shifts in cr ; , A l Fg and A l LR due to a general Z'(left) compared to models with 
anomalous gauge couplings(light grey) or Technicolor models(dark grey) at a 500 GeV NLC taken 
from the analysis of Renard and Verzegnassi 7 . 



employing as many final states as possible. Table |l] shows the corresponding results 
for several lepton colliders, i.e., e + e~ colliders with y / ~s= 0.5, 1, 1.5 and 5 TeV 
as well as a 4 TeV muon collider, in comparison to the direct LHC search reaches 
fromta. A very interesting analysis describing the scaling behaviour of Z' reaches at 
lcptoii. colliders with both energy and luminosity was quite recently performed by 
Leikecl to which we refer the interested reader. 

As has been discussed by Cuypers i, e~e~ collisions offer a unique advantage 
for Z' hunting in comparison to e + e~ in that greater statistics are available and 
that both beams can be polarized. The disadvantage of e~e~ is the lack of a Z' tail 
in the s-channel. The Cuypers analysis □ demonstrated that, using leptonic modes 
only, e~e~ generally has a superior Z' search reach than does e + e~. The same 
analysis also shows that the ratio of e~e~ to e + e~ search reaches was essentially 
independent of ISR. A comparison of the Z' search reaches in the e + e~ — > 
e + e~ — > e + e _ , and e~e~ — > e~e~ channels by Cuypers is shown in Fig.^. 

Table || from! shows the ratio of e~e~ to e + e~ Z' search reaches at a 500 GcV 
collider as different final states are added in the e + e~ case. It confirms the result 
that if only leptonic observables are employed then the e~e~ reach is superior to 
e + e~. However, as soon as one adds the additional information from the quark 
sector, e + e~ regains the lead in terms of Z' mass reach. Combining the leptonic 
and quark data together in the e + e~ case always results in a small value for the 
reach ratio. 
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Figure 4: Indirect Z 1 search reaches at the 500 GeV NLC for Eq models as a function of 6 and 
the LRM as a function of re including initial state radiation. The dottcd(solid, dashed) curve 
corresponds to the values obtained using leptonic(lcptonic plus 6— quark, all) obscrvables. A 
luminosity of 50 fb^ 1 has been assumed. 



Table 1: Indirect Z' search reaches of lepton colliders in TeV employing all obscrvables including 
the effects of cuts, ISR, etc. The integrated luminosities of the NLC500, NLC1000, NLC1500, 
NNLC and the Large Muon Collider arc assumed to be 50, 100, 100, 1000 and 1000 /&~\ respec- 
tively. In the last column we show the corresponding direct search reach for the LHC assuming 
an integrated luminosity of 100 fb^ 1 and Z' decays to only SM fermions. 



Model 


NLC500 


NLC1000 


NLC1500 


NNLC 5 TeV 


LMC 4 TeV 


LHC 


X 


3.21 


5.46 


8.03 


23.2 


18.2 


4.49 


V> 


1.85 


3.24 


4.78 


14.1 


11.1 


4.14 


n 


2.34 


3.95 


5.79 


16.6 


13.0 


4.20 


i 


3.17 


5.45 


8.01 


22.3 


17.5 


4.41 


SSM 


3.96 


6.84 


10.1 


29.5 


23.2 


4.88 


ALRM 


3.83 


6.63 


9.75 


28.4 


22.3 


5.21 


LRM 


3.68 


6.28 


9.23 


25.6 


20.1 


4.52 


UUM 


4.79 


8.21 


12.1 


34.7 


27.3 


4.55 
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Figure 5: Contours of observability at 95% CL for the reduced Z' couplings including the effects 
of ISR, polarization and luminosity uncertainties, as well as the angular resolution of the detector. 
These results are for a 500 GcV NLC with P = 90% with a luminosity of 50(25) /ft" 1 in the 
e + e~(e~e~) mode. 



Table 2: Ratio of e~e~~ to e+e~ indirect Z' search reaches at a 500 GeV NLC with an integrated 
luminosity of 50 fb~ 1 in either collision mode. ISR has been ignored. The columns label the set 
of the final state fermions used in the e+e - analysis. 



Model 


i 


£ + b 


t + 6, c, t 


X 


1.10 


0.900 


0.896 


V> 


1.20 


0.711 


0.673 


V 


1.07 


0.813 


0.650 


I 


1.06 


0.813 


0.813 


SSM 


1.30 


0.752 


0.667 


ALRM 


1.20 


1.12 


0.909 


LRM 


1.02 


0.483 


0.432 


UUM 


0.891 


0.645 


0.496 
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4 Coupling Determinations 



If the Z 1 is not too massive in comparison to ^/s, then sufficient statistical power 
may be available to not only indirectly see the. effects of the Z' but also to extract 
coupling information. For example, RiemannEJ has recently analyzed the capability 
of future e + e~ colliders operating below the Z 1 resonance to measure the Zff 
couplings, where f = £,b, c. Her analysis implicitly assumed that the mass of the 
Z' was already known(from the LHC) and was explicitly used as an input into 
the numerical extraction of couplings. Fig. ^| shows the capability of the NLC 
running at different energies to measure the leptonic couplings of the Z 1 in the 
LRM and ER5M \ as the gauge boson mass is varied. It's clear from this analysis 
that with reasonable luminosities the NLC will be able to extract leptonic coupling 
information for Z 1 masses up to 2 — 3-^. (We recall that the search reach was found 
to be 6 — I0y/s.) Riemann further showed that is was also possible to constrain the 
c and b quark couplings of the Z' . As the author correctly points out, the size of 
the systematic errors for the measurements on these final states is rather critical 
to this program. For example, for a Z X (Z^) with a 1 TeV mass, the size of the 
allowed region in the v' b — a' b (v' c — a' c ) plane approximately doubles at a 500 GeV 
NLC with a luminosity of 50 fb^ 1 if a systematic error of 1(1.5)% is added to all 
relevant observables. However, as Riemann has shown, the NLC will still be able 
to extract coupling information and distinguish various models using the c, b final 
states. 

A more complex situation arises in the case when the Z' mass is not known a 
priori. It is clear in this circumstance that measurements taken at a single value of 
yfs will not be able to disentangle Z' mass and coupling information. The reason 
is straightforward: to leading order in s/Mg, , rescaling all of the couplings and the 
value of Z' mass by a common factor would leave all of the observed deviations 
from the SM invariant. In this approximation, the Z' exchange appears only as a 
contact interaction. The only potential solution to this problem lies in obtaining 
data on the deviations from the SM predictions at several different values of </s and 
combining them together in a single fit. A first analysis of this kind was performed 
for Snowmass 1996 B, in which data from different values of y/s are combined. Only 
the leptonic and &-quark couplings to the Z' were considered. For Z' masses in the 
1.5-2 TeV range which were a priori unknown, this analysis found that combining 
data taken at 500, 750 and 1000 GeV was sufficient to determine the 4 unknown 
couplings as well as the Z' mass. To insure model-independence, the mass and 
couplings were chosen randomly and anonymously from rather large ranges. 

A sample result of this procedure is shown in Fig. [5]. The three figures corre- 
spond to two-dimensional projections of the full five dimensional {v[, a[, v' b , a' b , Mz>) 
95% CL fit. The following standard set of observables were employed: cr/, Ap B , 
^LRi ^pof (/) where f = £,b labels the fermion in the final state and, special to 
the case of the tau, < P T > and Pf B . Universality amongst the generations was 
also assumed. While none of the couplings are extremely well determined we learn 
enough to rule out all conventional extended gauge models as the origin of this 
particular Z'. Note that knowledge of both the leptonic and b— quarks couplings 
was required to rule out the case of an Eq Z' . 
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Figure 6: 95% CL contours for v 1 , and aj for a 500 GeV NLC with a luminosity of 50/6 -1 . The 
Z 1 is taken to be in the \ or LRM with a 1(1.5) TeV mass corresponding to the hatched(shaded) 
area. The dashed (dotted) contours are 95% CL limits on the Z'll couplings for the \ case and a 
mass of 2.5(3) TeV. A beam polarization of 80% has been assumed. 
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Figure 7: 95% CL allowed regions for the extracted values of the (a) lepton and (b) b- 
quark couplings for a Z' with randomly generated mass and couplings compared with the 
predictions of the Eg model(dotted), the Left- Right Model(dashed) , and the Un- unified 
Model(dash-dot), as well as the Sequential SM and Alternative LR Models(labeled by 'S' 
and 'A', respectively.) (c) Extracted Z' mass; only the at > branch is shown. In all cases 
the diamond represents the corresponding input values. Here we seer that the couplings 
of this Z' do not correspond to those of any of our favorite models. 
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5 Summary and Outlook 



The phenomenology of extended gauge sectors is particularly rich. Analyses have 
evolved in sophistication to the point where detector considerations are becoming 
increasingly important. Many of the problems associated with the determination 
of the couplings of new gauge bosons now have to be faced with specific detector 
capabilities in mind. Although much work has been done, there is still a lot of work 
to be done in the future. Hopefully some of this will be completed before new gauge 
bosons are discovered. 
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